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ABSTRACT
01at?ju, 01uba^9 Timothy. Ph.D., Purdue University, December 1973.
Laboratory Evaluation of the Response of Reinforced Concrete to
Internal Vibration . Major Professors: Dr. John Havers and
Dr. Chaxles Scholer.
This project is a peirt of the National Experimental Evaluation
Program for concrete compaction by internal vibration and. constitutes
the first phase of a proposed two-part study. The objectives of this
first phase are to evaluate the effectiveness of various vibratory
•fforta on several reinforced concrete specimens made from a number
of different mix designs | and to determine which parameters most
affect concrete compaction in slipform paving.
An extensive review of the pertinent literat\ire preceded the
statistically designed, performed and analyzed laboratory experiment
which is reported herein. The literature review examined the results
of various theoretical and experimental investigations that have
been oaa*ried out in the United States and other parts of the world. It
also examined some results of the recent national cooperative effort
within the United States to investigate concrete vibration. Based in
pai^ on this literature review, concrete in its plastic state was
viewed for study purposes as a non-homogeneous thixotropic fluid with
large masses suspended in it.
The statistical design for the experiaental study was a two-factor
factorial plus a four-factor split plot, split-split plot. Thia
composite design was appropriate because of the number of factors
involved, the desired inference space, and the various restrictions
on the randomization of the factors involved in the experiment.
However, it had to be modified dixring the execution stage because of
some vtnfortunate circumstances which were beyond the control of the
experimenter.
Three different mix designs were investigated. Two were made
from crushed limestone and the third from gravel aggregate. Nine
different combinations of frequency and duration of vibration
(treatments) were investigated. The frequencies were vailed between
7,200 and 13|200 cycles per minute (cpra) , and the durations between
5 and 13 seconds. All of the specimens tested were reinforced with
No. 3 bars spaced 6 inches apart , and each had an eight inch thick
•pavement segment' overlaid by a four inch concrete surcharge which
was Bcreeded off after vibration. The vibratory effort was evaluated
by measuring the particle acceleration during vibration, and the
density and pulse velocity after vibration. The data auialysis
utilized simple computer programs developed by the researcher and
several computerized statistical programs available at Purdue
University.
The experimental results indicated that a frequency of 1 2 ,000
cpo applied for 7 seconds produced the highest mean density and
pulse velocity for all the mix designs tested. However, when
statistical analyses were performed, it was found that the 12,000 opm
frequency vas not significantly more effective in compacting
concrete than the 10,800 or the 13f200 cpm at % level of
xii
significanoe. All three of these frequencies were, however) signlfl-
oantly more effective than either the 9f600 or the 7,200 cpn
frequency. It was also found that the frequency measiired in the
concrete with accelerometers was lower than the frequency input of the
vibrator by more than 15^, that the density of concrete above the
steel was about 6*3^ higher than that below steel, and that the
oofflpaction of concrete was not as dependent on frequency and amplitude
as had previously been conjectured.
The results of this experiment suggested the following
recommendations:
1. A slump range of between 1 and 2j- inches is necessary for proper
oofflpeustion by vibration to be achieved. This slump range should
therefore be adopted.
2, A frequency range between 10,800 and 12,000 cpm, and an amplitude
range between 0,0045 and 0,0055 inches should be applied to
concrete with a slump range between the recommended 1 and 2^
inches in slipform paving,
3« Instruments to indicate the frequency of vibration to the slipform
paver operator and those to non-destructively measure the compac-
tion of concrete at depths more than 3 inches below the surface
are needed,
4. Investigation to determine what is happening at the interface of
concrete and vibrator should be initiated since it may help
explain the phenomenon behind the reduction of the input frequency
in concrete.
INTRODUCTION
The first half of this century has vfitnessed a rapid development
in the practices related to the manufacture « placement and compaction
of concrete. However, the advauace in our knowledge of the material
itself and of the mechanism of its dynamic properties la^ behind
modem requirements. This anomaly has led to inefficient and
uneconomical use of this remarkably deformable and versatile
structural material (l) •
The compaction of concrete is a process whereby the void spaces
between aggregate particles are reduced. In so doing, the particles
of the aggregate are constrained to pack more closely together. The
usual goal is to approach the maximum potential density of the
concrete and thereby approach its maximum compressive strength (2).
Although the compaction of concrete can be achieved in various ways
,
it has long been recognized that mechanical euds are required to
compact dry harsh mixes , especially when these mixes are placed
around reinforcement or other obstructions. The most successful
method in these circumstances has been the use of the mechanical
vibrator.
Numbers in parentheses indicate reference numbers in the
list of references.
Concrete vibrators have been used for many years in this country
to place highway pavements. However, most of our knowledge concerning
concrete vibi^ators has been obtained from intuitive practices rather
than controlled progreuns of research. Inadequate concrete consolida-
tion has led to premature deterioration and eventxial retirement of
several structures, especially highway pavements (see Figure l).
Several laboratory and field experiments have been conducted in
the United States and many other parts of the world and significant
advancements have been made within the last two decades in attempts to
advance our knowledge of the vibration of plastic concrete. However,
laboratory and field investigations have often yielded results which
are difficult to interpret or too general to apply in practice. There
appear to be major deficiencies in our quantitative understanding of
the degree of compaction that can be achieved in a given concrete mix
by a given vibrating element which is operating under a stated set of
conditions. This lack of knowledge is evidenced by the various regional
specifications for internal and surface vibrators (see Figure 2). By
way of illustration, the specifications of the Indiana State Highway
Commission read as follows (3):
•*.... The frequency of the surface vibrators shall not be
less than 3 t500 impulses per minute emd the frequency of the
internal type not less than 5 ,000 for tube vibrators and 7 ,000
for spud vibrators vmless modified by the engineer . . ."
The comparable specification of the U.S. Army Corps of Engineers
reads (4):
"Internal vibrators shall maintain a frequency when submerged
in concrete of not less than 6,000 impulses per minute for
spuds with diameters greater than five inches and 7 »000
impulses for smaller spuds. The intensity (amplitude) of
vibration shall be sufficient to produce satisfactory
Figure I
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8 Regional Specifications for Internal
and Surface Vibrators
Federal Highways Admin
consolidation. The duration of vibration shall be limited to
that necessary to produce satisfactory consolidation".
Theue two specifications leave much to the discretion of the 'engineer*
or whoever decides on the ajnount of vibration that produces
"satisfactory consolidation". Modification by the engineer until
"satisfactory consolidation" has been achieved is obviously not a
quantitative definition of the desired compaction.
Engineers and contractors throughout the country have
suggested that pavements are either not getting optimum compaction
,
or that the mix ingredients may be segregating during vibration. Many
field problems such as cold joints, honey-combing at the base of
pavements, bumps and dips on pavement surfaces and at construction
joints, and early deterioration of pavements have been attributed to
improper vibration. There are other factors that could have caused or
contributed to such failures, but vibration is an aspect of
construction which is insufficiently understood.
The growing acceptance of slipforra pavers which employ both
surface and internal vibrations has contributed to the current need
for quantitative knowledge concerning concrete vibration. In fact
,
concrete vibration diiring slipform paving became of such concern in
Iowa that the use of spud vibrators was banned until further studies
could be made (3)'
Research programs which contribute to our understanding of the
mechanics of concrete vibration have been assigned a high priority
by several investigating orgsinizations , such as the Highway Research
Board, Federal Highways Administration, Portland Cement Association,
American Concrete Paving Association, American Concrete Institute,
many otate highway departments and vibration equipment mauiufacturers.
The foregoing discussion strongly suggests the need for research
which will improve our understanding of vibration effects on concrete
compaction. It should not be inferred from this statement that
extensive research has not already been conducted into the mechanism
of concrete vibration^ however, little use han been made of the
results of most of these investigations. This is due in part to the
conflicting conclusions of the research studies, and also to the
restrictions which were placed on the experimental prograjns and hence
on the conclusions drawn therefrom.
The objectives of this study reported herein are to determine
which vibrator ajid concrete parameters affect the compaction of
reinforced concrete specimens , and to evaluate the effectiveness of
various vibratory efforts on several concrete mixes in producing
maximum density. The method of achieving these goals is to examine
the responses of various concrete mixes to different levels of
vibration and to determine the statistical significance of the
observed results.
This report starts with a selective review of prior investiga-
tions. The details of the experiment are then described, including
the design, collection and analysis of data, and the results of the
various analyses are presented. The report concludes with a
dlsouBsion of the results and recommendations.
REVIEW OP LITERATURE
The objective of earlier research programs has been to better
understand what happens to concrete when it is vibrated. The research
approaches have been both theoretical and experimental. Attempts have
been made to simulate conditions which actually occur in the field by
using vibrating tables, molds which were vibrated at several frequen-
cies and amplitudes, and steel and wooden forms of various shapes and
sizes into which vibrating elements have been inserted or attached.
This review concetrates on the results of the various investigations
rather than on the methods employed in executing them.
Theoretical Investigations
The behavior of concrete under vibration is undoubtedly a
complex process. It involves wave propeigation in a non-uniform
medium which, since it has thixotropic properties, changes its
state with time (6). The problem is further complicated by a multi-
plicity of parameters relating to th-e vibrator, the concrete, the
container in which the concrete is being vibrated, and the reinfoi^
cement , if the concrete is reinforced. Because of these complexities
,
most of the initial studies of vibration consisted of theoretical
efforts to explain what happens when concrete is vibrated. These
explanations have varied from the identification of various stages
of compaction to the mamipulatiun of Newton's banic oqiiation whioli
expreaoea the Second Law of Motion.
Stages of Compaction
In their separate attempts to explain concrete vibration
phenomena, Stewart and Venkatramiah (6,7) identified three .
different piiases or stages of compaction of concrete during
vibration. The first phase was characterized by the initial collapse
of the deposited concrete and the subsecjuent transformation of the
mass into a viscous fluid. The second phase was one of de-aeration
in which entrapped air bubbles were forced upwards and the voids
were substantially reduced. The same stages were recognized by Kolek
(8). In the third stage, according to Stewart and Venkatrauniah,
there was further compaction of the mass and occasionally a small
bubble of air escaped. If the vibration was prolonged after this
stage, segregation might follow. The first two phases occured within
the first 10 seconds of vibration (see Figure 3).
These three stages were also recognized by Bergstrom (9) and
were described in his concrete deformability treatise. Bergstrom's
deformability curve, reproduced in Figure 4f includes three stetges
within the "compaction period". The three phases are not independent
of each other, but they provide a common basis whereby researchers
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Attenuation of Vibratory Energy
1 vibrator transmits its energy to the concrete in the form of
waves which are rapidly attenuated as they move outwsird from the
forcing source. Las Forssblad (10) attributed this decay to two causes
i
oaaelyt a reduction in the energy flux density due to the outward
propagation of the vibratory waves t and the absorption of energy by the
aterial. Parrar and Sullivan (11, 12) relate it to the "impedance
theoiT** postulated by P. P. Chenea (13) on general vibratory systems.
This theoiy represents the vibratory system as a combination of elastic,
viscous and inertial elements and proceeds to examine the effects of
each such element upon the behavior of the material system under
consideration. Sullivan went one step further by relating the impedance
theory to mechanical impedance , a complex function defined as the ratio
of the exciting force to the displacement which the force produces.
From these postulations , efforts were made to obtain the rates of
energy damping by the application of basic vibratozy equation.
The basic ec[uation for the impressed force due to an unbalance
is taken as:
Mx + ex + ki - P cos wt
o
- \io'ew t (14)
where:
X - amplitude of vibration
u - m'/M
m' - mass of the eccentric
N total mass of the system
11
P majd.miun value of an impressed unbalanced force
w • circular frequency at which force is applied
o damping coefficient which in concrete can be due to viscous
damping broxight about by the mix consistency
k - 'spring' constant for the concrete
• m eocentricity of the mass , m'
The forcing function is harmonic and the solution of the equation
involves complex numbers to obtain the value of the amplitude of
vibration I x. On obtaining the solution, it then becomes necessary to
determine the constants k and c. Several equations have been proposed
to establish the rate of attenuation of vibratory waves; a few of
them are given below.
Dessoff (10) deduced the expression
where S. 1 Sp are amplitudes at the respective distaJices R. and Rp
from the center line of the internal vibrator; q represents the damping
#coefficient; the expression t / 1 represents the reduction in
energy density which is proportional to the square of the amplitude;
and the exponential represents the energy absorption.
Kolek (8) stated the equation for amplitude after concrete had,




A " amplitude of the source
o
W => Eingular frequency
d = mean density of the mediiun
k => bulk density of the mediiun
B = absorption ooeffioient
X = distance from source (8)
Su^juichi (4) has observed that the equation proposed by Kolek
is dimensionally unbalanced.
L'Hermite (4) assumed that the damping coefficient increased
linearly as the frequency and derived an amplitude on this basis as:
A e
where:
A = same as above
o
a H arbitrary constant
a = ixiitial coefficient of void space
o
V = frequency of vibration
X = distance from source
Pigman and Homibrook in their studies (I5) concluded that
L'Hermite 's assumption of a linearly-increasing damping coefficient
was not valid.
Finally, Farrar (II) postulated that the theoretical decay of
vibration could be stated as:
13
A = k cosh Nx
o
where:
A = acceleration amplitude at any given reference point f
usually the origin of the vibration
A = acceleration amplitude at a point distance x from the
point of A
N = constant depending upon concrete mix
X = distance between the two points
Farrar found an experimental value of N = 0.06 for the one mix
and frequency (3»000 open) that he used} and suggested that experime-
ntal values of N could similarly be determined for other mixes. All of
the formulas just described have assumed an exponential decay i since
cosh x = -|{e +e ). Dessoff and L'Hermite (10) have verified that
the variation of acceleration with distance from the vibrator obeys
this assiimed exponential decay at least up to 7 fOOO cpm of vibration.
Although the amplitude of vibration had long been related to
the amplitude of the waves generated in the concrete, Kolek (8) showed
that the two amplitudes were also dependent on the frequency of
vibration. It then becomes important to find out which parameters of
vibration, namely, frequency, amplitude, acceleration, or radius of
action of the vibrator actually influence the compaction of concrete.
Another factor to be considered is the interaction between these
parameters and the concrete parameters, such as the consistency of the
cpm is cycles per minute
14
Laboratory Inves-tigations
Experiments by the various authors mentioned in the preceding
pages and by other people interested in the phenomenon of concrete
vibration have sought either to prove or to disprove the theories
propounded I or to establish completely different courses of action
from those previously mentioned. These courses of action have
involved more parameters than those identified by the impedance theory*
There are numerous parameters involved in concrete vibration and
a complete investigation of them would require an extensive series of
tests. The experimental studies carried out so far have been
confined to limited ranges of selected vibrator or concrete parame-
ters » seeking to obtain bases for comparisons. The theoretical
studies, as previously noted, have postulated an exponential form of
decay in the wave which advances within the concrete mass.
Parameters identified in these theories include the amplitude and
fre(juenoy of vibration. The acceleration of a particle within the
vibrated mass is believed to be a function of the amplitude of the
waves. Therefore, many investigators have studied the decrease of
certain parameters, such as pressure, amplitude, acceleration, etc.
with increasing distance from the center of vibration. Others have
approached the problem from the use of radius of action of the
vibrator, and still others have tried to relate the frequencies of
vibration to the strength and density of the vibrated concrete. The
results of these investigations are hereby reviewed.
15
studies of Attenuation of Vibration
Studies of attenuation have involved measuring the changes in
acceleration, amplitude, radius of action, pressure, etc. as the
distance of a point from the vibrator increses. Several of the
investigators used different types of transducers immersed in the
concrete at selected locations to carry out their measurements (9),
(10), (15)' These studies showed that the attenuation of vibration
is very rapid at points close to the vibrator and decreases very
rapidly as the distance from the vibrator increases. See Figures 5
to 7« There appears to be a general agreement as to the form of
attenuation of the above parameter. There is still need to determine
which parameters affect the compaction of concrete and how they do so.
Many inveetigatore have viewed acceleration as the most
oignificEUit parameter in compacting concrete (16) , (1?) , (I8) with
suitable values ranging from 4g to 7g • However, Cussens and Plowman
(19), (20) suggested that the importance of acceleration as observed
in clamped molds of small masses might not be equally applicable to
the larger and more steady masses of the type which must be vibrated
on the field. Cussens found that velocity was a significant variable
when frequency was kept constant, but Green (17), -in rebuttal, said
that this was true only because velocity is a function of both
amplitude and acceleration. In faot , it appears that the researchers
were simply using different terms to express the same conclusion. It
g is the acceleration due to gravity.
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is well known that acceleration is directly proportional to the
square of the freqaenoy of vibration and amplitude is determined by
this constant divided by the acceleration (20). Therefore, a study of
the effects of acceleration encompasses both frequency and amplitude
of displacement of vibration.
Other investigators such as Bergstrom (9) and Las Forssblad (IO) ,
believed that increase of amplitude increased the radius of action of
the vibrator and thus the effective voliune of concrete compacted.
Forssblad found that the radius of action increased with frequency up
.to 10|000 cpoi and slowly increased above this value up to an optimum
value of 12|000 cpm before starting to drop (see Figure 8), He found
that an increase in amplitude caused an increase in the radius of
action at every frequency. He also noted that those vibrators with
the greatest radii of action had produced concretes which} in the
hardened state , had the highest compressive strengths. On the other
hand, Bergstrom could not detect axiy relationship between the radius
of action and frequency, sunplitude , or centrifugal force, if the
quantities were considered separately. However, he noted that the
energy consiuned per unit volume of fully compacted concrete increased
as the radius of action decreased. This observation supports the
finding by Las Forssblad (IO) and Saul (2l) , if it is noted that the
radius of action increewses with time of vibration (see Figures 3 and
9)* Saul and Forssblad concluded that power input increased as the
cube of the frequency and as the square of amplitude. It can be
conclTided that amplitude, or acceleration, has an influence on the
compaction of concrete, which diminishes as the distance from the
vibrator increases.
20
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Other investigations studied the frequency and attempted to
relate amplitude and frequency to the amount of compaction.
Unfortunately, little use can yet be made of the mass of data
gathered so far.
Las Forssblad (10) has indicated the ejdstence of an optimum
frequency beyond which concrete compaction should be discontinued
since it may result in the segregation of the mix. (See Figure 8 }
where this frecpiency was 12,000 cpra) . The existence of such an
optimum freqpiency is also supported by studies of Nessim and Hadja
(5) who identified *'a critical rate of shear beyond ... which only
a small increase in the compaction of concrete is achieved **, Wadhwa
(22) also obtained the same optimum frequency as Las Forssblad, and.
found that for every frequency there was a corresponding amplitude
which gave the maximum degree of compaction. Qreen (17) and Cussens
(19) further confirmed the existence of such an optimxua frecjaency.
11 of these investigators agreed that the strongest concrete is
produced at the optimum frequency. The latter two investigators
used table vibration whereas the former investigators used internal
vibrators. Bennett and Gokhale (16) , even though they did not
postulate the existence of an optimum frequency, found that a
fretjuency at constant power input had a "remarkable" effect on
the strength of cement mortar and paste.
Other investigations have been carried out to determine the
best combinations of frequency and amplitude for internal vibrators.
Their findings suggest that relatively low frequency, high amplitude
23
vibrators are stiitable for dry concrete mixes in the first phase of
compaction. Vibration with high frequency and low amplitude has been
found to have the greatest effect during the second phase , presumably
because it will cause more rapid expulsion of entrapped air (2).
However, a study which measured the mechanical impedance of concrete
concluded that frequency might not be a critical parameter in
concrete vibration (12).
Studies Involving Surface Vibration
The experimental studies described so far were carried out with
several sizes, shapes and types of molds which were attached to
vibrating tables, and with various types and sizes of internal
vibrators. However, as pointed out earlier, modem highway constuc-
tion equipment uses both internal and surface vibrators for concrete
compaction. It is therefore desirable to review the published works
on surface vibration.
There is consensus among the few investigators who have studied
surface vibration that the main factors affecting the compaction of
concrete are the amplitude of vibration, the number of vibrations
treuicmitted to the concrete (i.e. the frequency of vibration divided
by the forward speed of travel) , and the force on the concrete. The
maximum thickness of the slab which can be properly compacted is
related to the product of these three factors (24) i ( 25)
•
It was also found that the compaction varied with the depth and
the consistency of the mix. The limiting value of the depth of
compaction was foxind to be about 12 inches. The acceleration of the
surface vibrator appeared to have no effect on the compaction (24),
24
a finding which io contrary to the results obtained with vibrating
molds and internal vibration. It waa also found tliat there was a
relationship between the density and the particle velocity | another
relationship not noticeable with table or internal vibration.
Piguxe 10 shows the variation of density with depth of compaction.
r
' Studies Involving Reinforcement
The discussions so far have dealt with plain concrete.
Laboratory work conducted so far has indicated that the presence of
reinforcement decreases the radius of action of a vibrator (10).
Studies of the surface vibration of reinforced concrete have led to
the conclusion that the presence of reinforcement affects the depth
of compaction of concrete (24). The concrete in a reinforced slab was
found to be fully compacted down to the reinforcement i beyond which
its density gradual]^ dropped off. The density of the bottom of the
slab was found to be about 359^ of the density of the top one inch of
thickness (26). (See Figure 11). These findings seem to indicate that
laboratory experiments which exclude reinforcements cannot be
immediately applied in the field where practically all road slabs
presently built are reinforced.
Investigations in Various States
Several states have conducted research on various aspects of
concrete vibration, and their findings have been reported to the
coordinating committee of the National Experimental Evaluation
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various publications (27), (28) , (29), (30). Work is still in
progress in several states, including New York, Kentucky and Utah.
Variotis conclusions have been reached cuid various recommendations made.
General Comments
The literature review suggests that, when concrete is vibrated,
there is a "coupling" between the vibrator and the concrete whereby
the vibrator transfers energy to the concrete. Some minimum level of
initial energy appears to be neoessajy in order to initiate this energy
transfer, since very low frequency and high amplitude do not compact
concrete* Kolek (8) found that the initial frequency should be at
least 6,000 cpo and the diameter of the head of an internal vibrator
should be between "35 and 40 cm" (sic) (10). Texas studies suggested
that frequency should be at- least 7 |000 cpm. The intial breakdown
occurs within the first few seconds of vibration; continued vibration
after this will fliiidify the paste and cause the aggregates to move
to optimum positions. Maximum compaction is achieved at an optimum
frequency of 12,000 cpm (5), (IO), (I7), (19) 1 (22), (23). Vibration
at still higher frequencies results in less compaction and possibly
leads to the segregation of the mix* Vibration at a
frequency higher than 1 2 ,000 cpm substantially reduces the radius of
compaction, since the concrete mass becomes fluid before it can
"respond" to the rapid displacements which are imparted by such
rapid vibration.
The studies up to the present have not been able to define
frequency as a function of the density or the pulse velocity in the
28
mix. Some authors believe that there is a reduction in the frequency
or acceleration when a vibrator is inserted in the mix as compared to
when it is outside the mix. It has, however, been shown that the
physical parameters of concrete, such as consistency, influence
compaction more than the characteristics of the vibrator (8) , (lO) ,
(27).
A major drawback of most of the research studies is their lack of
rigorous statistical analysis , wherein the validity and the universa-
lity of application of their findings can be assessed. Secondly, most
of the studies, except the most recent ones in the United States,
have been directed towards solving general vibration problems rather
than toiTards solving highway pavement construction problems. As a
consequence, their findings have not been immediately usable to the
field engineer who wants to know what frequency he should use during
vibration, what the si. _. range should be for best vibration results,
how he is to determine whether he is getting proper vibration, what
range of density he should obtain in the field in plastic concrete so
that he can be sure he is getting proper compaction below the steel,
etc. The study conducted by the author has attempted to answer some of
these questions. It has also attempted to simulate the field
conditions surrounding highway pavement construction to the extent
possible within the confines of a laboratory aJid reasonable costs.
Characterization of Concrete Material
Before going to the description of the experiment , the author
feels it necessary to clarify the characterization of concrete.
Several (questions have been asked as to whether this material is a
29
liquid, slxirryi or something else. The characterization herein proposed
is that of a non-^evrtonian fluid which is thixotropic.
A fluid is a substemce that deforms continuously when
subjected to a shear stess (31 )• Fluids mao'' be either Newtoniain or
non-4Jewtonian. Newtonian fluids obey Newton's law of viscosity which
states that the stress in a fluid due to an applied force is
directly proportional to the rate of angular deformation in the
fluid. Fluids that do not obey this linearity law are called non-
Newtonian fluids. In one particular class of non-Newtoniaji fluids,
known as the viscoelastic type , the rate of strain is dependent upon
both the shear stress and the amount of strain. A non-Newtonian
fluid whose strain rate is a function of both the stress magnitude
and the stress duration is said to be thixotropic (32). The visco-
sity in a thixotropic fluid is thus dependent upon the immediately-
prior angular deforma'.j.on of the fluid. Such fluids can be agitated
and used in a workable condition, but become immobile after the
stress is removed. Figure 11 shows the relationship between the
rate of deformation and shear stress for both the Newtoniaji and non-
Newtonian fluids. Examples of Newtonian fluids include water, common
oils, and gases, whereas non-Newtonian fluids include pigment
suspensions, paint, printer's ink, and asphalt tar. The rate of
deformation of tar is so low that the tar will sustain a load, such
as a piece of aggregate, on its free surface.
At this juncture, the theoretical characterization of cement
paste, within the watei>-cement ratio limits used in slipform paving,
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31
rate of deformation that it will support or sustain appreciable
loads, such as aggregate particlea embedded within the paste. It oan
be agitated, by mixing, into a workable condition but becomes
immobile as soon as this source of stress is removed. This immobility
due to the thixotropic action will persist until it is superseded by
the rapid chemical process that follows. The experimental findings of
Nessim and Wadja (6), as shown in Figure 13, support this theoretical
characterization.
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As noted earlier, this research was conducted under conditions
which simulate actual field conditions as closely as possible. It is
hoped that it will be possible, with minimal modifications, to
implement its findings on actual construction projects. However, it
should be borne in mind that the research programs discussed in the
literature and briefly reviewed herein have in total required several
years of continuous experimentation. A research effort of the scope
to be presented here can seek to answer only a few of the many
qpiestions about concrete vibration.
PlaJi of Experiment
This experiment was initially conceived to involve both a
laboratory phase and a field investigation. However, funding was
obtained for only the laboratory ]?haBe npoessitating that the two
phases be independent of each other. The preliminary planning for
this phase contemplated the use of six different concrete mixes,
namely, crushed limestone aggregate with 1) i&^ sand , 2) 33^ sand,
3) 2)&/o sand plus water reducer ( lignosulfonate) , 4) i&^ sand plus
flyash replacing some of the cement , and gravel aggregate with
4 „ . , Wt. of Sand ,^„Percent sand a rrr rrz—z m 7^— ;; ^ '^Wt. of Sand + Wt. of Coarse Aggr.
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5) 33^ sand, and 6) 3^ sand. Five different periods of vibration
were specified | all within a range of 5 and 13 seconds which was
considered representative of concrete compaction periods for slipform
pavers in actual use. Five different frecpiencies of vibration, varying
between 7 »200 to 13|200 cpm, were also selected. This frequency
range was chosen after studying the specifications of several states,
(see Figure 2) , and the capabilities of the available vibrators and
generator. Prom the literature review, it was decided that the
measurements of density and pulse velocity would be the acceptable
means for verifying the effectiveness of various vibratory frequen-
cies. The concrete parameters which were to be measured consisted of
the slump, air content, compaction factor, Vebe time, and temperature
of concrete at placement, with cylinders cast for strength tests.
Particle acceleration was to be measured by embedding accelerometers
in the mix, the frequency of the vibrator was to be measured both in
air and in concrete, and the amplitude of the vibrator was to be
measured by attaching eui aooelerometer to it.
Consistent with this initial planning for the laboratory phase,
three main variables to be investigated were mix (6 levels) , frequ-
ency (5 levels), ajid duration (5 levels). It was realized that a
complete factorial experiment would involve I50 test runs, even
without the replication which was considered essential if the
laboratory results were to be applied to field operations. Each
replication would, of course, recjuire eui additional 15O test r\ins. It
was then decided to consult with a statisticiem.
A completely randomized factorial design was quickly ruled out
because it would require a very large number of test runs. Instead,
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the findings of Akroyd (2) , Porssblad (10) , and Bower and Gerhardt
(27) that the range of frequency for best compaction was between
10)800 and 12|000 cpni v6re used to develop a oofflposite design for the
experimental work.
Composite Statistical Design for Experimental Work
A composite statistical design for k factors has three parts:
2r points representing a basic two-level factorial or fractional
factorial! a single point at the center of the entire design t and 2k
points which are successively located in pairs at the two extremes of
each of k factors while remaining centered for all other factors.
For this type of design 1 therefore , there are 2 -t- 2k -f 1 treatment
combinations (33)* The two-level factorial (2 ) provides information
on the main effects ( linesu*) and the interaotions ( linear x lineeur)
around the center. The end points (2k) provide information for the
quadratic (or squared terms) fit across the full span of the factor
levels. The oenter point is the estimated optimum combination for all
factors in the experiment. Two factors t frequency and duration t vere
Investigated for each of the mix designs used in the experiment. The
"center point" (or assumed optimum) values for these two factors, in
combination I were taken as 10,800 cpm at 9 seconds duration.
Provision was also made for two extra experimental units for the
center point. The composite statistical design for a single series of
tests on each mix design thus involved eleven experimental runs
(2 + 2x2 + 3 « 11), For the six mixes which were to be investigated,
still assuming a single replication of tests, this would me£ui a total
of 66 iruns as compared with 13O runs required for a complete
36
factorial experiment.
It was initially intended to have three replicates of all test
runs , thereby obtaining 33 values which could be uoed in determining
the regression ecjuation for each mix. However, because of physical
limitations in the laboratory , the experiment could be run with only-
one mix, one frequency, one duration and two replicates at a time.
This necessitated the use of a split-plot design (33) wherein the
whole plot was the replication (R) , the split was the mix (M) and
the split-split plot was the frequency (f). Each of these levels or
restrictions on randomization constitutes an experimental block.
Finally, to fix the levels of the factors in the composite
design, a rotatable design (33) centered at the estimated optimum
center point was adopted. The factorial points moved away from this
center in both directions and the end points were located at the
ends of the factor spaces. The arrangement is shown dieigramatically
in Table 1 emd Figure 14.
After the details of the composite design had been determined,
the next step was to randomize the experimental vinits within each mix
and for each of the three replications. In this context, an
experimental unit is viewed as the material which is to receive the
various experimental treatments (33). In this experiment, the experi-
mental units were the reinforced concrete specimens which were to be
cast, vibrated and tested. The restrictions on rcindomization which
were imposed by the physical laboratory limitations made it
necessary to protect the experimental units from sJiy bias which might
be introduced by some unknown factor. This need was satisfied by
ramdomizing the experimental units within the constraints introduced
37
Table 1: Treatment Combinations Used in Composite Statistical Design
Composite Duration Frequency Number Used in
Factor (sees.) (cpra) Randomization
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by this space restriction. After randomization in this msinner, it was
felt that any major bias would be eliminated from the estimates of
such parameters as nuclear density, pulse velocity, etc., and from
the tests for significance of the effects of the treatments on the
variable being analyzed.
To carry out the randomization, the numbered mix designs
described on page 33 were randomly allocated to rsuidom niunbers from 1
to 6. The results of this randomization are shown in Table 2.
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The treatment combinationE shown in Tablfi 1 were then assigned
random numbers between 1 and 9f and a table of randomly assigned
testing sequence was generated for each replication within each mix.
The testing sequenoee which were generated for Mix 1 are shown in
Table 3.
Table 3: Order of Carrying Out Tests on Experimental Units
Mix Number 1
(Crushed stone with 3^ sand)













1 Preq. Dur. 2 Freq. Dur. 3 Preq. Dur.
3 12000 7 5 12000 11 3 12000 7
9 13200 9 4 9600 11 9 13200 9
6 10800 5 9 13200 9 4 9600 11
2 9600 7 7 10800 13 2 9600 7
7 10800 13 3 12000 7 7 10800 13
4 9600 11 8 7200 9 5 12000 11
5 12000 11 1 10800 9 8 7200 9
8 7200 9 6 10800 5 1 10800 9
1 10800 9 2 9600^ 7 6 10800 5
After this randomization was completed for each mix and replica-
tion! a schedule of testing program was set up emd each experimental
unit was coded on the basis of the frequency, duration, replication
number, mix niunbor, and whether the unit had acoelerometer embedded
or not. The scheduling also included proposed dates of performance
i 40
!
and the actual date of performance.
Suboecpient Modification to Compoeite Statiatical Deoiftn
The random sequencing of mix designs | as ohovm in Table 2 , had
identified Mix 5 as the starting point for the experimental work. This
was not feasible because crushed stone was already stored in the
laboratory and additional space was not available to store the gravel
required for Mix 5« Therefore, the sequencing of the experimental work
was revised on the basis of a new randomization involving only mixes
1 to 4 inclusive (mixes utilizing crushed stone as coarse siggregate)
.
Additional modifications to the composite design were introduced
while the experimental work was underway. Three mixes (crushed stone
with 2,3% sand, crushed stone with 39^ sand plus flyash, and gravel
with 33^ sajid) were eliminated when imforeseen circumstances made it
impossible to include these test series witMn the budgeted dollars
and time. For the same reason, the number of replications was reduced
from 3 to 2.
The concrete batches for the experimental units were initially
produced at sl\amps between 1 and 2 inches. However, after the
laboratory work was underway, it was discovered that the nuclear
density and the pulse velocity readings were not varying appreciably
as the level of frequency was changed. For this reason, concrete with
a slump of to 1 inches was used on most of the test runs for Mix 6




Descriptions of the slump test procedures (ASTM C 143-66) , the
Vebe ec[uipment
I
and the compaction factor apparatus already appear in
the literature and vd.ll not be repeated here (34), (35). Instead, this
discussion will be confined to the forms, the vibrators, the generator,
the nuoleeu" gauge and the V-scope equipment.
Forms
The type of fomiE to be used in the experiment was determined
after considering sev il factors. It was desired that a minimum
vibration energy be transferred or reflected from the forms , that
the specimen size permit a vibrator spacing such as is commonly used
on slipforra pavers, and that the forms be sufficiently rugged to
allow 300 or more specimens to be cast.
To check the effective radius of action for the vibrator, three
sizes of cylindrical fiber board forms were investigated. They were
16, 18, and 20 inches in diameter and provided for a specimen 8 inches
in height plus a surcharge of 4 inches of concrete. The surcharge
was added to simulate the field condition wherein slipform pavers
carry a surcharge of concrete Just prior to vibration. The fiber
board forms were rejected for use in the experiment because they were
not reusable and were not adaptable for simulating slipform paving
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operation beoause of their oylindrioal shapes. A set of 18" x 20''
wooden forms, 12" high (8" for pavement ajid 4" for surcharge) was
then investigated. This was also rejected because it was not consi-
dered rugged enough for the total number of tests to be run.
The form finally adopted was the same size as the wooden form,
but was made of steel. It was designed so that, after vibration, the
surcharge part could be lowered and the excess concrete screeded off
to leave an 8 inch thick specimen. The form was supported on a base
material meeting the recpxirements of Indiana State Highway
Specification for No. 53 base material. The base material was comp-
acted by the use of an air hammer and was prepared as close to field
specifications as possible. The form was equipped with a railing to
support the vibrator bracket and to facilitate the movement of the
vibrator into amd out of the concrete. Seven sets of forms were made;
Figure 15 shows the details of a typical set.
Vibrators
The operation , types and fundamentals of vibrators have been
described in the literature, and therefore will not be reviewed here
(36) , (37) • The two vibrators used on this project were Model DHC 100B
high cycle , motor-in-the-head types and were donated by the Dart
Division of the Koehring Company. Each vibrator had 'a rotary-centrifugal
eccentric rotating on high speed bearings. The eccentric was 1 -k inches
in diameter and weighed I.365 lb. The unit operated on 3 phase, 18O
cycle current (as compared with regular single phase household current
of 60 cycles) amd could be used with either II5 or 230 volt generators.
The head was 2^' in diameter, 21-|" in leng1;h and weighed 20.375 lb.
43
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Figure ^6 shows the details of the vibrator and. its associated parts.
Generator
The generator used on this project was a Kohler Model 181
gasoline, single cylinder, 4 cycle air-cooled power plant. It was also
donated by the Koehring Company. The unit developed 8 hp at 3600 cpra
and operated on 180 cycle 3 phase alternating current. Its features
included a solid ring rotating armature, saturated pole construction
which assured good voltage regulation, and an adjustable governor for
the regulation of frequency to within 55^.
V - Scope Apparatus
The pulse velocity measuring eqpiipraent was a Model C-4960
V - Scope manufactured by James Electronics of Chicago, Illinois. It
consists of a cathode ^.^ tube ajid two transducers which house some
piezoelectric crystals. The procedures followed during use in this
study conformed to ASTM C-597~71. Figure 17 shows the basic operation
details of the V - Scope.
Nuclear Density Gauge
Nuclear gauges have long been used for density and moisture
measiirements in soils. They arfi now used for similar measurements in
asphalt, soils, asphalt-concrete and more recently in concrete. A
Nuclear Chicago gauge, borrowed from the Indiana State Highway
Research Laboratory, was used in this investigation. The gauge consists
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"^f^
a. Instrument delay time is measured with both
transducers (T) face to face with
couplant
Reference line
b. Counter is zeroed where waveform leaves
the horizontal axis
c. Transducers are placed across the
predetermined length(L), the waveform
is again adjusted to poitit where it
leaves the horizontal axis, then the
time t, microsecondsi is read
Reference line
V = pulse velocity in ft/jg^
t = time through specimen, msecs.
Figure 17
Basic Operation Details of the V- Scope
(Jaraes Electronics)
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perform both moisture and denoi t.y moaBuromentci. Only the donsity
measurementa are of interest here.
The probe unit contains a four raillicurie radium-beryllium
Gource of radiation. This source is doubly encapsulated and emits
both gamma and neutron radiation. The detectors are two halogen-
quenched Geiger detector tubes connected in parallel. The shielding is
a combination of lead and tungsten i cind completely surrounds the
source. The source and the shield aire housed in a heavy-gauge metal
case.
In conjunction with the with the probe and the scaler, a
standard granite block of known density is provided for standardizing
the gaiige at the start of each operation. Figure 18 shows the probe
with a 20 ft cable.
The gauge utilizes the principle of gamma rays back-scattering
for density measurement. According to this principle, only a percent-
age of the gamma rays emitted by the radioactive source is reflected
back to the Geiger detector tubes and counted. This percentage de-
creases as the density being measured increases (38).
The gauge was calibrated at the factory on six specimens of
known densities eind on the granite block supplied with the instrument.
The Indiana State Highway Research aind Training Center, prior to
loaning it to this project , again checked its calibration on six
specimens of known densities and the curves developed from this check
were compared with the factory-supplied curves to assure the accuracy
of the gauge's performance. Similar checks were made periodically
throughout the period when the gauge was in use in the laboratory and
at the completion of all laboratory tests. The average of the counts
48
Figure 18
Nuclear Chicago's Density Probe
(Kuclear Chioaso Corp)
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on each of the blocks for all the checks made was used in developing
a final calibration curve from which the densities of each of the epeci-
mens made during the experiment were calculated.
Calibration was carried out by taking ten one-minute density-
standard counts on the grsjiite block. The stafidard counts were means
of comparing the gauge's response to a predetermined response, in this
case the granite block. Then the gauge was placed on one of the six
standard blocks selected at random. Pour succeBsive one-minute counts
were taken on each block, turning the gauge 90 degrees clockwise after
each one-minute count. This procedure was repeated for each of the six
specimens. Another density standard count was then taken and the
average of the two was obtained. The average of the four counts on
each specimen was then obtained ajxd the count ratio, the ratio of the
average of one-minute raadiugs to the mean standard count , was obtained
for each specimen. This ratio was taken to the calibration curve and
the density of the specimen was read off. The calibration equation was:
D - -78.363786 X + 247.956611 (1)
where:
D = Desired density
X = Count ratio % -, ,
Figure I9 shows a typical data sheet for the gauge.
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smiGauge Model
Gauge Serial No.: ZAS
Date; 22 ' 1>
-
2-3:
Scaler Model: -^ I 20
Scaler Serial No.: 3Q.
By : O ^-x>.. ^ g^ I u
Density Std. Count: ^'^0 '^-Q
b ef ore otter
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Figure 19
Typical Calibration Data Sheet for Nuclear Gauges
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Instrumentation
Acceleration, frequency and amplitude have been identified by
earlier investigators as three major factors which may affect the
vibratory compaction of concrete (8), (9), (10), (15), (19), (20).
Bergstrom and Davies concluded that accelergtior? might be the determi-
ning factor in the compaction of concrete. Their tests used molds
attached to vibrating elements with upward and downward movements.
Plowman (20) , on the other haind, showed that acceleration in molds
varied from the edges to the center. Sullivan(l2) sxiggested that
frequency might not be as impori;tait a detern-ining factor in concrete
compaction as was commonly assumed.
Reliable measurement of these factors in concrete requires that
the measuring devices impart a minimiun disturbance to the concrete,
that they be smaller than the largest particle in the mix and that
they have densities and surface characteristics similar to those of
the eiggregate particles so that they can move in the mix freely and
in the same manner as the aggregate particles. As was mentioned in the
literature review, the motions experienced by aggregate particles
during vibration may be rectilinear, translational or rotational. It was
therefore desired during this experiment that the measuring devices be
able to measure each of these movements without appreciable "wandering"
or rotation in the mix.
Since transducers are usually xuiidirectional , rotational move-
ments can only be measured by three such devices mounted along each
of the three cardinal axes. The costs invoivea in the use of large
numbers of acoelerometers and the necesseiry equipment to monitor
their movements adequately were in excess of the available budget. As a
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eoneeqaenoOf only three aooelerometers were used. They were embedded
in the ffllz at a height of one inoh above the base of the speoimen
being tested, at three positions in the fom and directly below the
steel. Figures 20 and 21 show the positions where aooelerometers '
were embedded in the mix. The response of each accelerometer was
monitored on an osolllographlc recorder with built-in signal ampli-
fiers and conditioners. The displacement (atmplltude, as many Inves-
tigators call it) In the mix was meastired by the use of a linear
variable differential transformer (LVDT). The output of each of these
measurements was digitized on a large area record i^ader-vertlcal
(UEE-V) digitizer.
Accelemneters
The aooelerometers used in this experiment here the Kistler's
pdezotron low impedance, top connected tr^isducer Model 813-A2.
Saoh is a compression type piezoelectric sensor which contains a
Mlsale mass emd a stack of parallel connected quartz crystal plates
,
mechanically Isolated and assembled under pressure in a separate
internal preload sleeve.
The acceleration to be measured is sensed along the symmetrical
housing axis perpendicular to the moxinting base. Depending upon the
acceleration orientation, the seismic mass's inertia produces either
a positive or negative compression force upon the sensor crystals
,
and the crystals produce a net charge output proportional to this
force. Figure 22 shows the dimensions and the typical design of the
accelerometers. Each accelerometer is hermetically sealed at the
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Schematic of the Positions of the Three














between the aooelerometers and the ooajdal cables , all the oonneo-
tlons to the aooelerometers were sealed in heat-shrlnlcage rubber
tubing.
Osolllographio Recorder
The recorder used was a Dixon Southern Model 10-300 with 12 input
or data recording channels. It is a direct recording system which ope-
rates by converting each electrical input signal from the accelerometer
Into an optical one. The fluctuations in the electrical signals are
recorded as a series of traces which are produced by narrow beams of
light from super pressiire mercury lamps moving over the surface of a
pihotosensitive recording paper as the paper is mechanically driven out
of the recorder.
Each electrical input signal is fed to ths ooil of its own
iniature galvanometer and all the galvanometers are mounted in a
strong magnetic field. Variations in the amplitude of the electrical
ourrent through the coil alter the single of deflection of the galva-
nometer mirror, so that the narrow beaa of ultra violet light reflec-
ted by it appears as a spot of light and moves across the recording
paper. The sideways movement of the spot is directly related to the
amplitude of the signal current and the speed at which the paper
is driven out of the magazine.
The recorder is equipped with facilities to dravr grid lines
parallel to the edges of the paper and vertical lines at preset time
intervals. It also has traces and event markers for identifying the
traces and marking specific occurrences during recording.
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Other features include built-in amplifiers and signal condi-
tioners | record duration and trace intensity controls. A paper take-
up \uiit was purchased along vdth the recorder.
Linear Variable Differential TransforTTier (LVDT)
To measure the displacement amplitude of the vibrator at the tip
and along the stem, an LVDT was used. This equipment was selected
after other attempts to measure the displacement by accelerometers
failed. This aspect is discussed in another portion of the report.
The LVDT is an electro-mechanical transducer which produces an
electrical voltage output proportional to the displacement of a
separate movable core. It consists essentially of three equally spaced
coils on a cylindrical coil form. A rod-shaped magnetic core positioned
axLally inside this coil assembly provides a path for magnetic flux
linking the coils. When the primary or central coil is energized with
alternating current, voltages are induced in the two outer coils.
The outer or secondary coils are usually connected in series opposi-
tion so that the voltages in a secondary circuit are opposite in
phase, the net output of the transformer being the difference of these
voltages. At the center of the core the output voltage will be zero.
This is the null position or balance point.
When the core is moved from the null position the voltage
induced in the secondary coil toward which the core is moved increases,
while the voltage induced in the opposite coil decreases. The diffe-
rential voltage thus produced varies linearly with the change in core
position. Motion of the core in the opposite direction beyond the null
position produces a similar linear voltage characteristic, but with
the phase shifted 180 degrees. There are several types, sizes,
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ranges and physical oonfigorations of LVDT's coraraercially availa-
ble. In laboratory use, the LVDT was connected to the oscillogra-
phic recorder, and the reoorda such as the acoeleroraeter outputs
were taken.
LARR-V Digital Coordinatograph
The data collected on displacement and acceleration were
digtized for Fourier analysis on the Large Area Rapid Reader-Vertical
(LARR-V) available in the School of Civil Engineering. It was felt
that Fourier analysis provided a more accurate treatment of vibration
data than merely measuring the peaks as suggested by Plowman (21 ,
p 201).
The IARR-V is a digital coordinatograph which is capable of
measuring distances along two mutually perpendicular axes , X and Y
,
and punching these values, along with accessory information, onto
data cards. The equipment will accurately, rapidly and conveniently
reduce graphical information to numerical data suitable for computer
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Figure 23
The LARR-V Oigitai Coordinatograph
60
DATA COLLECTION AND PROCESSING
When thiB experiment wae in the plaaining stsige , it was proposed
that selected concrete and vibrator parameters be meaoured. These
parameters include the slump, air content, Vebe time, unit weight,
compaction factor, compressive strength, temperature of the concrete,
acceleration, frequency, and amplitude of vibration. It was also ^
proposed that the efficacy of each treatment combination when applied
to each experimental unit be evaluated in terms of the nuclear
density, pulse velocity, particle acceleration and displacement
eunplitude of the vibrator in the mix. Howeiferj before commencing the
data gathering phase, some preliminary tests were necessary. These
tests included evaluation of such physical characteristics of the
aggregates and cement as specific gravity, moisture content and
particle size distribution; design of the concrete mixes; calibra-
tion of various pieces of equipment; and positioning of accelerome-
ters in the mix. The tests carried out on the aggregates were
routine ASTM Standard tests^the description of which are available
in the literature (40). However, the decision about the positioning
and suspension of accelerometers involved a series of experiments
where the supporting devices for the accelerometers varied from a
cotton thread to a "massless" spring. None of these supports proved
satisfactory because each introduced a new set of variables into the
already complicated set of parameters which had to be dealt with in
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the amalysis. In addition, eacJi cupport interfered with the free
movement of the accelerometerB and the aggregates whose motion it
wao simulating. Tents were then carried out to check the drift
,
lateral and vertical movements which might occur if the acoelerome-
ters were not restrained in any way. Since the observed movements
were negligible, all of the tests subsequently carried out had the
accelerometerB positioned in the mix at the positions indicated in
Figure 20 without any physical restraints.
During the preliminary tests, sieve aJialyses were performed on
the aggregates. These were continued throughout the testing program
as new deliveries of aggregates were received. Table 4 shows the
gradation of the aggregates for the different deliveries and
Appendix A shows the grading curves of the aggregates.
The concrete mix designs were also proportioned ajid tented in
the laboratory. These designs were modified from time to time during
the experimental runs to accommodate the variations in the physical
conditions of the aggregates as they were received. Table 5 shows
the general basic ingredients involved in each of the three mix
designs which were ultimately used. The three mix designs, as
mentioned previously, were Mix 1 which was crushed limestone with
iSf^ sand sand, Mix 4 which was crushed limestone with 39?S sand and a
polymer-type water reducing eigent , and Mix 6 which was a gravel mix
with 39?osand. All the teste and mix designs were carried out in
accordance with ASTM standards.
Table 4: Gradation of Each Delivery of Coaree and Fine Aggregates



















H- 0.30 0.30 0.1954 0.1954 99.8046
1" 25.90 26.20 16.8697 17.0651 82.9349
4
30.65 56.85 19.9635 37.0286 62.9714
i-" 57.50 114.35 37.4519 74.4806 25.5194
3"
H
30.42 144.77 19.8130 94.2943 5.7057






M" 0.00 0.00 0.0000 0.0000 100.0000
1" 3.28 3.28 7.8860 7.8860 92.1140
4
6.59 9.87 15.8450 23.7320 76.2680
15.94 25.81 38.3270 62.0580 37.9420
3"
9. 80 35.62 23.5630 85.6220 14.3780
#4 3.91 39.52 9.4010 95.0230 4.9770





li^' 0.00 0.00 0.0000 0.0000 100.0000
1" 4.34 4.34 13.2440 13.2440 86.7560
4
6.36 10.70 19.4080 32.6520 67.3480
i" 12.23 22.93 37.3210 69.9730 30.0270
f 7.12 30.05 21.7270 91.7000 8.3000
#4 2.14 32.19 6.5300 98.2300 1.7700




^^' 0.00 0.00 0.0000 0.0000 100.0000
1" 13.75 13.75 27.2650 27.2650 72.7340
4
14.58 28.33 28.9111 56.1771 43.8230
^' 15.22 43.55 30.1800 86.3570 13.6430
3"
4.92 48.47 9. 7560 96.1130 3.8870
#4 0.97 49.44 1.9230 98.0370 1.9630
^#4 0.99 50.43 1.9630
Delivery No. 5
100.0000 0.0000
1^' 0.19 0.19 0.3950 0.3950 99.6050
1" 6.90 7.04 14.3570 14.7520 85.2480
4
6.34 15.43 17.3530 32.1057 67.8943
i" 15.78 31.21 32.8340 64.9400 35.0600
3"
1 9.55 40.76 19.8710 84.8110 15.1890
#4 3.83 44.59 7.9690 92.7800 7.2200
Z//4 3.47 48.06 7.2200 100,0000 0.0000
Coarse Affffregate - Gravel
Delivery No, 1
•2 0.00 0.00 0.0000 0.0000 100.0000
1" 6.97 6.97 13.9400 13.9400 86.0600
4
19.29 26.26 38.5800 52.5200 47.4800
-^• 17.86 44.12 35.7200 88.2400 11.7600
f 3.79 47.91 7.5800 95.8200 4.1800
#4 1.35 49.26 2.7000 98.5200 1.4800

















# 4 7.50 7.50 0.3710 0.3710 99.6290
# 8 310.50 318.00 15.3670 15.7390 84.2610
# 16 436.50 754.50 21.6040 37.3420 62.6580
# 30 492.50 1247.00 24.3750 61.7170 38.2830
# 50 574.00 1821.00 28.4090 90.1260 9.8740
#100 161.50 1982.50 7.9930 98.1190 1.8810
^#100 38.00 2020.50 1.8810 100.0000 0.0000
Fineness Modulus = 3.034
Delivery No. 2
# 4 3.00 3.00 0.3000 0.3000 99.7000
# 8 115.00 118.00 11.5000 11.8000 88.2000
# 16 203.00 321.00 20.3000 32.1000 67.9000
# 30 261.00 582.00 26.1000 58.2000 41.8000
# 50 306.00 888.00 30.6000 88.8000 1 1 . 2000
#100 92.00 980.00 9.2000 98.0000 2.0000
-^#100 20.00 1000.00 2.0000 100.0000 0.0000
Fineness Modulus = 3. 108
Delivery No. 3
# 4 4.00 4.00 0.4000 0.4000 99.6000
# 8 104.00 108.00 10.4000 10.8000 89.2000
# 16 161.00 269.00 16.1000 26.9000 73.1000
# 30 258.00 527.00 25.8000 52.7000 47.3000
# 50 350.00 877.00 35.0000 87.7000 12.3000
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Table 4f cont.
#100 96.00 973.00 9.6000 97.3000 2.7000
Z#100 27.00 1000.00 2.7000 100.0000 0.0000
PineneBB Modulus = 3.242
Delivery No. 4
#4 5.00 5.00 0.5005 0.5005 99.4995
# 8 118.00 123.00 11.8118 12.3210 87.6880
# 16 173.00 296.00 17.3173 29.6300 70.3700
# 30 241.00 537.00 24.1240 53.7540 46.2460
# 50 328.00 865.00 32.8330 86.5870 13.4130
#100 104.00 967.00 10,4100 96.9970 3.0030
^#100 30.00 997.00 3.003c 100.0000 0.0000
Fineness Modulus = 3.202
Table 5? Basic Componfe'.g of Each Mix Design Used
Component Mix 1 Mix 4 Mix 6
Cement (lb) 167.10 167.10 167.10
Water (lb) 67.67 56.62 55.46
Pine Aggregate (lb) 342.00 336.50 387.31
Coarse Aggregate (lb) 567.00 579.00 578.00
Air Entrainer (ml) 140.00 85.00 135.00
Water Reducer
( lignosulfonate)
(ml) - 240.00 -
W/C Ratio 0.405 0.339 0.332
W/C Ratio is water oement ratio
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Procedure for Data Collection
Since the experiment was going to be replicated once , it was
decided that the main set of tests would be run with accelerometers
and the replicates would be run without acoelerometers. Tests that
were run with accelerometers involved making two speciraene simulta-
neously and as identically as practicable, one with accelerometers
and one without. The specimen with the accelerometers was then taJcen
apart to retrieve the accelerometers while its twin specimen was
saved as representing the particular treatment combination involved.
Each experimental unit required a 2.5 cu. ft. volume of concrete, and
the size of the concrete mixer was such that only two specimens could
be cast per batch.
Preparation of Specimens
Specimen preparation involved several concurrent activities. At
the peak of production), yight laboratory assistants were working
with the investigator. Specimen preparation usually started with
batching a small and slightly wet mix to moisten the mixer before
the actual test batch ingredients were charged into the mixer. As the
batching operation was continuing, the forms were assembled euid oiled,
and the rest of the equipment was readied for the desired series of
tests. Upon completing the batching, the mixer was charged with the
slightly wet batch and mixed for about one minute. It was then dis-
charged before the actual test batch was charged into the mixer. This
operation was performed only at the beginning of the day and after
lunch or any other extended break period between batches. The test
batches were mixed for two minutes and then partially discharged. The
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slump and the temperature were immediately taken and recorded. At the
8£ime timet the Vebe, the compaction factor, the unit weight, and the
air content tests were performed. Prior to the completion of all of
these tests, the filling of the two forms to be used for the test was
commenced.
Filling the forms was initiated by first setting the reinforcing
steel six inches apart and one inch away from the top edge of the
form (top edge is the edge form which the vibrator enters the form).
The steel used was 5/8 inch diameter deformed bare and each bar was
supported on two 4 inches high chairs. One set of forms was used
for all of the tests with accelerometers because it was not practi-
cable to move the recording equipment from one position to another.
The form with accelerometer was filled to a height of about one
inch before placing the accelerometers at their respective positions.
The form was then filled to the brim and the excess concrete screeded
off. The filling of the twin form was completed at practically the
same time as the form with the accelerometers. As the filling of the
two forms to be tested was progressing, four cylinders for compressive
strength tests were filled and the pieces of equipment used for
testing concrete were readied for the next batch.
As soon as the forms were filled, the generator was started
and the frequency was adjusted to the test frequency. The test frequ-
ency was checked both by a digital frequency counter and a stroboscope.
At the same time, the positions of the accelerometers were adjusted on
the recorder to maJce sure that the traces appeared on the paper. The
timer, time lines, paper speed and amplifier gain (if necessary) were
then set. When everything was ready (about 10 minutes after mixing) ,
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the concrete was vibrated. Testing was carried out by five people. One
person I th» frequency reader, recorded the frequency of the vibrator
outside the mix and in the mix; one person | the timekeeper , tined the
period of vibration; two people , the vibrator pushers , pushed the •
vibrator into and out of the mix; and another (the investigator)
operated the recorder. The procedure for a test will now be described.
As soon as everything was ready, the timekeeper gave the signal
for the vibrators to be turned on. The frequency reader then recorded
five freqaencies( in Hertz) from the frequency counter which displayed
the vibration fretjuenoy every second. This constituted the in-the-air
frequency of the vibrator. As soon as that ^ra,s completed, the time-
keeper gave the signal for the vibrators to be inserted. The vibrat-
ors were inserted speedily and the recoarding of the acceleration was
started sioniltaneously. At about one second psdor to the end of
testing time, the timekeeper gave another signal and the vibrator
pushers would gradually start to bring the vibrator out of the mix
at a rate such that when the timekeeper gave another signal to
indicate that the testing time was over, the vibrator would just be
outside the form. Ihiring the whole testing period, the frequency of
vibration was continuously recorded from the frequency counter by the
frequency reader. As soon as the test was over, he recorded another
five frequencies to check the vibrator frequency outside the mix. The
vibrators were then turned off.
Because of the speed of recording (160 inches per second) it was
not economically feasible to obtain oontlnuous acceleration records
throughout each test. A record for the first 2 seconds of vibration
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was therefore taken, then another 2-second record was obtained at
some randomly-selected time during the fii^t 10 seconds of the period
of vibration. In a few instances, such as when test duration was for 3
seconds, the record was taken for the entire test period. Specimens
wfaich did not have accelerometers in them were filled together, but
if»r« individually tested in accordance with their pre-determined
frequencies and durations. Figure 24 shows a typical specimen with
accelerometers before testing, cind another specimen with its compa-
nion specimen vibrated simultaneously.
After testing, the surcharge portion of the form was lowered,
the excess concrete was screeded off, and the sta'face was trowelled.
The specimen was then tagged and allowed to set for about half an
hoar before the forms were stripped and set aside for cleaning. (See
Figure 25). As soon as the last specimen vs.b tagged, the next batch
of concrete was charged into the mixer and the whole operation
repeated until all the specimens for that day, usually six or seven
depending on whether they had accelerometers or not, had been made.
Measurement of Nuclear Density and F>ulse Velocity
The measurement of the nuclear density was carried out under
two different conditions. These were the plantic condition and the
condition after a 7-day moist curing. The density measurements
on the plastic specimens were taken about 30 minutes after the speci-
mens were cast. Two types of density measurements were carried out on
the cxired specimens, namely above and below the steel. Readings were
taken on the surface in the plastic condition at each of the five
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were taken at those same five positions for the above-steel readings.
The specimen was then turned over and five below-steel readings
were taken at the corresponding positions on the opposite face.
The pulse velocity measurements were taken on the seune day as the
cured readings of the nuclear density. Three conditions of pulse
velocity were measured, all taken after curing. The readings were a)
acro88-the-depth , b) above-the-steel and o) below-the-steel. The across
readings were taken across opposite faces of the 8 inch side and at
the five positions where the nuclear density readings were taken. The
above-the-steel readings were taken at the six indicated positions in
Figure 27 i three along each side. The below-the-steel readings were
taken at the six indicated positions in Figure 27. All the specimens
oast on the same day were tested together for pulse velocity,
nuolesa* density and 7-day compressive strength.
Measurement of Amplitude
The measurement of vibrator amplitude turned out to be extremely
difficult. Initially, it was intended that the displacement amplitude
be measured by attaching acoelerometers to the tip of the vibrator
and measuring the acceleration. The acceleration could then be inte-
grated twice to obtain the displacement. To this end, three acoelero-
meters were attached to the vibrator as shown in Figure 28. The
accelerometer records thus obtained were satisfactory for the 7 f200
opm frequency but it was discovered that the accelerometers were
erratic at higher frequencies. A vistial examination which indicated
that the crystals were probably cracked was confirmed when the accele-



















Triaxiai Mounting of Acceierometers
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were oontaoted and a "stronger" oot of aoceieroffletera was forwarded.
However, when attempts to meaBure amplitude with this new set also met
with failure, it was decided to measure the amplitude with an LVDT.
Figure 29 shows the echematio of the LVDT connection to the vibrator.
The measurement of displacement (aunplitude) proceeded as with the
measurement of acceleration, but was confined to Mix 6 only. Before
taking amy readings in the mix, displacement measurements were taken
with the vibrator operating in the air at two frequencies of 7,200
and 13,200 cpm. These measurements were taJcen at different positions
along the vibrator to determine whether the LVDT had enough range for
the displacements to be encountered within these test frequency
limits.
Measurements of displacements in the mix were taken at three
positions along the vibrator. The first and the second positions were
spaced 6 inches apart rhilst the second and the third were 4k inches
apart. The procedure was to position the vibrator as shown in Figure
30 with the sleeve for the LVDT around it. Concrete was then placed
around the vibrator and the LVDT stem until the form was filled to the
brim. Testing was carried out as described previously except that the
time was held at approximately 7 seconds for all the frequencies
examined. After testing had been completed, the form was emptied, the
LVDT stem removed and cleaned, the form cleaned and set up for the
next position. Another batch of concrete was then mixed, the form was
again recharged and the measurement for the second position was
taken. This was continued to the third position for each of the five
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Comments on Testing Program
The testing program did not proceed entirely smoothly. Several
problems arose vdth the electronic equipoent, especially with the
recorder. This latter item was late in delivery, and it was also
plagued with frequent breakdowns. Labor difficulties were also
eneeunteredi particularly so in the latter part of the summer when
the available labor was insufficient to perform all of the desired
tests within an acceptable time period. Tests auch as Vebe, compac-
tion fBLOtoTf air content and unit weight were eliminated under




The yolxifflinous data gathered during this experiment dictated an
analysis by computer. The first step was to reduce the nuclear density
and pulse velocity data to pounds per cubic foot and feet per second,
respectively.
As previously discussed, the nuoleGur density data was analyzed
by referring to a standardized curve which had been fitted to read-
ings taken on specimens of predetermined densities. The pulse velocity
was computed from the basic relationship that the velocity equals the
distance or displacement divided by time. Computer programs for these
analyses are supplied In Appendices B and C respectively.
The reduotlon of the acceleration and amplitude data was more
difficult. Figure 31 shows typical acceleration and displacement
\ A S A
X'
Accelerotion records ot positions I.Zand 3
f or 12000 cpm
Acceleration records of positions I, 2 ond 3
for 7200 cpm.
Displacement record at the tip of vibrotor for 12000 cpm.
Displacement record at the tip of vibrator for 7200cpm.
Figure 31
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Typical Acceleration and Displacement
Records
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records. Initially t the output waa visually examined and the frequonoy
checked to see how well it corresponded with the input frequency. Then
three cycles which were believed to be representative of the record
were selected and completely digitized on a LARR-V digitizer for compu-
ter EinalyBis. A computer program to analyze the curves by Fourier curve
fit was developed. Two available routines in the Purdue University
Computer Library (RUNLIB) were incorporated into this program. The
first program I PORIT (herein named PORAT) t was for Fourier analysis.
The second, SETPLT , was for plotting the input points, the Fourier
points eUid all other plotting that was needed in the analysis. The
computer program which was developed as a part of this research also
plotted the Fourier Line Spectrum, the plot of the power at a harmo-
nic versus the frequency of the harmonic. This plot made it possible
to identify the most powerful harmonic of the ten harmonics which
were determined from the Fourier analysis (41). The remainder of the
vibration analysis was then based on the most powerful harmonic,
which in this case was the first harmonic. Appendix D shows the
program and its associated library routines. DISPLA , a subroutine to
this program, was used to perform a similar type of aiialysis on the
amplitude data, except that there was no need to plot the Fourier
Line Spectrum since the curve was obviously sinusoidal.
Statistical Analysis
The initial objectives of this experiment were, firstly, to deter--
raine the frequency or frequencies which gave the best compaction as
measured by the highest density, pulse velocity, and acceleration; and,
secondly, to see which parameters seemed to have the greatest
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influenoe on the compaction achieved. It was apparent that the
validity of the results could best be ascertained by statistical
analysis.
Analysis of Nuclear Density Data
It will be recalled that the statistical design was a composite
one with multiple factors. After the assembler' of the of the data, five
factors were identified, namely replication (R) with 2 levels; mixes
(M) with 3 levels; treatments or frequency-duration combination (t)
with 9 levels; conditions (C) with 3 levels i.e. plastic, above-steel,
and below-steel; and positions (P) with 5 levels. See Figure 26 for
the five positions.
Before any analysis could be carried out , it was necessary to
check the various assumptions on which each of the different analyses
was based. For analysis of variance (ANOVA) , it is imperative to test
for the homogeneity of variances since the ANOVA technique is based on
this assumption (33)- The test for homogeneity was the Poster-Biirr
Test which is a part of a Statistical Library Program at Purdue
University. This program is shown in Appendix £. Since there was only
one observation per cell, this test could not be run on the total
data. Instead, the center point in the composite design wsis used as
the reference datum. The test was run on 90 obser'/ations and showed a
Q statistic of O.O756 r 0.042. This indicated that the assumption of
homogeneity of vaxiances was false. Visual observation of the cell
means and variances indicated that there was a negative correlation
between the means and variances. This suggested a data transformation
of the general form:
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Y. " tranBforraed obBervation for each i
B = highest value observed for y
y, = individual i observation | here i = 1 ... 90*
f
When this transformation had been performed, j the homogeneity test was
again run sjid the amd the variances were found to be homogeneous (Q
statistic was O.O329 C 0.0420). The other usu^al assumptions for ANOVA
are that a) each observation is random 1 b) the design model is additive
and c) the observations are normally distributed. Since homogeneity
was achieved, it was not deemed necessary to test the rest of these
aosxunptions.
Following the homogeneity test , a series of ANOVA tests were run
on the transformed data. Separate analyses were performed on the
total data, on separate mixes, on separate paths, on separate treat-
ments above and below steel, and on separate conditions. The test in
each case was run depending on the factors or interactions that turned
out to be significant in the preceding einalysis. The result of one such
run is shown in Appendix F and typical input programs are shown in
Appendix G.
The statistical model was a split plo-h design, but the computer
programs used analyzed the data as completely reindomized factorial
design; therefore, the computer output had to be arranged to reflect
the restrictions on randomization. This is illustrated in Table 6.
Since there was only one observation per cell, the statistical






























































analysis did not yield a residual error term which could be used to
test the significance of factors £ind interactions. For this reason,
it was necessary to combine selected interaction variances into a
pooled error terra which could then be used to t«Bt the remaining
interactions and factors. Appendix F shows that the 4-way and higher-
order interactions , except for RMTC , were verj'^ small. Most of the 3-
way interactions were also very small. It was therefore decided that
all of these terms would be pooled if they were found to be insignifi-
cant at rf = 0.25. This calculation was performed and the significant
effects wore recorded aqd interpreted. Appendix H shows a sample calc-
culation for the pooling of interaction variances shown in Table 6.
Although a basic objective of this experiment was to determine
the most effective treatment combination, the various ANOVA failed to
identify treatment as a significant factor,, It wan then decided to
run a sequential range test on the actual means of each treatment
combination for each mix. The sequential range test, or Newman-Keul's
Test as it is sometimes called, is a method of ranking the means of
various factors based on the number of observations ajid the mean
square of each factor or factor level. The nine treatment combinations
which v;ere ranked are shown on page 37. Other analyses carried out on
the nuclear density data will be discussed in a later section.
AnaXysis of Pulse Velocity Data
The analysis of the p'llse velocity data was similar to that
which was performed on the nuclear density data. As noted earlier, it
was necessary to perform the same basic type of data transformation in
order to achieve homogeneity of variance. However, in the pulse
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velocity analysis only four factors were identified, nsunely, the
replication (R) , the mix (m) , the treatment (T) and the paths (P)
which had 17 levels. Table 7 summarizes the ANOVA tests carried out on
both Buolear density and pulse velocity. It also shows the significant
factors* In this table « the factors and interactions are explained as
follows: mixes (M) t treatments (T) , conditions (C) ; for pulse velocity
only, conditions (C) describe the pulse velocity across the depth,
above and below the steel, and paths (p); for nuclear density, condi-
tions (C) describe the densiti-es in the plastio state, above and below
the steel, and positions (P). Interactions are described by a combinei-
tion of two or more of the factors mentioned above. For example , the
interaction of mixes and treatments is HT and of mixes , paths and
conditions for pulse velocity is MPC, etc*
Other Analyses
The completion of Newman-Keul's Test on the densities, pulse
velocity and acceleration data led to the conclusion that there were
basic relationships between some of the variables examined. To exam-
ine these relationships, correlation and regression analyses were run
on all of the variables identified. The computer programs used for
these analyses were SPSS 15 and SPSS 21. SPSS 15 was used for step-
wise regression and SPSS21 for nonlinear regression. Both programs
are avedlable in Purdue's Statistical Paclcage for the Social Sciences
Library. The variables examined were the input frequency (Fl); slump
(SL) ; compressive strength (CS) ; amplitude (AltPL) ; temperature (TE) ;
acceleration (ACCL) ; densities in plastic condition (DP) , above the
steel (da) and below the steel (DB) ; pulse velocities above the
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steel (PVAS) , and below steel (PVBS); peak to peak acceleration (PPA) ,
and response frequency (RP). These variables represented the vibrator
and the concrete parameters input to the experimental units before
vibration or parameters measured after vibration. The discovery of
98jJ correlation between PI and RF , 96^ between AMPL and RP, 9^ between
PVAS and PVBS , and 94^ between ACCL and PPA led to the decision to plot
these relationships eind to run a linear regression analysis through
the various points. Multiple regression was then run to relate the
dependent variables such as the density below steel, pulse velocity
below steel, and amplitude with such variables as slump, input
frequency, temperature (of concrete at placement), density above
steel, pulse velocity above steel, etc., in order to determine which
independent variables best described any of those dependent
'
variables. The analysis was carried out by stepviise regression and no
attempt was made to force any particular independent variables into the
regression model. Care was taken not to include two highly correlated
variables on the same side of a regression model in order that the
effects of the other independent variables on the dependent variables
would not be masked by the highly correlated variables. Appendix K
shows a typical printout from the SPSS I5 program.
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RESULTS OP DATA ANALYSIS
The analyois indioated that the factors of major interest were
the treatments (T) , the mixes (M) , and the conditions (C). Table 7
shows the results of ANOVA tests on the transformed data for pulse
velocity and nuclear density. At this point i it is believed that a
restatement of the variables involved will aid in reading the table.
For both the pulse velocity and nuclear density, mixes and treatm-
ents are represented as indicated above. For pulse velocity, the
other parameters are paths (P) and conditions (C) which describe the
velooities across the depth, above and below the steel. For nuclear
density, the only diff?,'ent parameters are the positions (P) £ind the
conditions (C) which &.&dcribe the densities in the plastic state and
the cured state, abovs and below the steel. There usually are 2- or
3-level interactions which turn out significant. An example is MT
which is a 2-level interaction of treatments and mixes. This can be
continued for 3-, 4-» etc. level interactions of the main effects.
Results from Analysis of Variance
From Table 7 i it is seen that paths, positions, conditions,
treatment-paths, mix-positions, condition-positions, and mix-cond-
tions are significantly different for both the nuclear density and
pulse velocity. The significeince of the 3-level interactions MTP and
MTC seemed interesting. In the next analysis when the mixes were
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separated it was foimd that treatments | paths and positions plus a
number of their interactions were significant. This was especially
true in Mix 6 which, it will be recalled, was the stiffest mix
design tested. Separating the paths showed treatments were not signi-
ficant above steel but the mix-treatment interactions were signifi-
cant for both the nuclear density and pulse velocity. Analyses 4 and 5
did not contribute further information since it was already known that
,
holding all of our mixes constajit , there were differences between the
various treatments imparted on the concrete, It was not possible, how-
ever, to tell whether any treatment was significantly better in compa-
cting concrete than the others.
Results from Newman-Keul* s Test
The treatment which gave the highest pulse velocity, nuclear
density and acceleration was identified by Newman-Keul' s Test. Tables
8 and 9 are summaries of the rankings. For Table 8, nine treatment
combinations are listed. Below is a list of the original order of
these treatments before reinking.
Original Order Treatment Combination
1 7200 cpm for 9 seconds
2 9600 cpm for 7 seconds
3 9600 cpm for 1
1
seconds
4 10800 cpm for 5 seconds
5 10800 cpm for 9 seconds
6 10800 opm for 13 seconds
7 12000 cpm for 7 seconds
8 12000 cpm for 11 seconds
9 13200 cpm for 9 seconds
'i^
Table 8i Rank of Means by Newman-Keul's Test for 9 Treatment
Combinations for All Mixes.
Pulse Velocity Nuclear Density ACCL- PPA
Ranked Order of the Original Treatment Numbers






1 7 7 6 7 7 7 8 5
2 4 6 7 8 8 5 6 6
3 6 4 9 5 6 8 5 9
4 5 9 4 6 4 4 9 8
5 8 8 8 9 5 9 7 7
6 2 5 5 4 1 6 4 4
7 9 2 2 3 3 2 2 2
8 1 3 3 1 2 3 3 3
9 3 1 1 2 9 1 1 1
Table 9j Rank of Means by Newman-Keul's Test for 5 Frequencies
For All Mixes.
Pulse Velocity Nuclear Density ACCL PPA
Ranked Order of the Original Treatment Numbers
Rank Depth Above Below Plastic Above Below
No. Steel Steel Steel Steel
1 3 4 4 4 4 4 5 5
2 4 5 3 3 3 3 3 3
3 2 3 5 5 1 5 4 4
4 5 2 2 1 2 2 2 2
5 1 1 1 2 5 1 1 1
9i
For Table 9» only frequencies were examined. These were originally
originally ordered as follows; 1) 7f200, 2) 9i6O0, 3) 10,800,
4) 12,000, and 5) 13 f200 cpra. The computer program after ranking
the means also tested the differences between the means at 1/^ and
% levels of significEuice. See Appendix J for a typical Newman-
Keul's Test program and computer printout.
The overall finding of the analysis was that the 12,000 cpm
freqpiency applied for 7 seconds produced the greatest effect in com-
pacting concrete for both the nuclear density and the pulse velocity;
there was no clear cut indication in the case of the acceleration. In
all of the analyses, there was no significant difference between the
effects of the 12,000, 10,800, smd 13,200 cpm frequencies althoxigh
each of these frequencies produced significantly higher effects than
the 9,600 and 7,200 frequ,enoie8 at either 1^ or % levels. The
9,600 frequency was only slightly better than the 7 |200 frequency.
Results from Regression Analysis
The plots of input frequency to response frequency indicated a
frequency reduction of about 15?J for each of the mixes, but the relar-
tlonship was linear in each case. A regression analysis run on the
data with the response frequency (RP) as the dependent variable
(measured by the aocelerometers) showed an equation of the type:
RP - 0.7723 PI + 685.563 .....,,,.,, (2)
The residual meeui for the analysis was I.51 ^ 10 which is
essentially zero; the R value was $6^; and the P value was 599*868
which was significant at O.OO5 level. A confidence band was placed on
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the slope b *> 0.7723 at O.OO5 l^vel of significance. The slope then
was:
b = 0.7723 - 0.0878 (3)
The second through the fifth order models were also examined.
The second order model had a partial P value of 3^291 which was signi-
ficant at ^(y/o level; however, the analysis oontributed only 0.5/^ to
the R value. The third emd fifth order models could not enter into
the regression model because of low F values. The fourth order varia^
2
ble had an F value less than one and contributed 0. 1'/j to the R value.
These analyses showed that the linear model adequately represented the
relationship between the input and the response frequencies. The entry
of other variables such as slump, temperature, acceleration and comp-
ressive strength into the regression model did not alter the conclu-
sion to aJiy appreciable extent.
The regression of density below steel (DB) with FI , slump (SL) ,
compressive strength (CS) , acceleration (ACCL) explained only 39?o of
the variability, but SL and CS contributed significantly to explaining
2
the variability in DB. Including DA, density above steel, increased R
to 6&fo with an overall P value of 8.8 which was significant at 0.005^
level. Including temperature (TE) increased the R value to 68.^ and
lowered the P value to 7*2 which was still significant at 0.005^. The
equation developed was:
DB = 5.253 SL - 0.699 DA + 0.0054 CS + 0.00039 PI +
0.25 ACCL + 0.224 TE + 194.89 (4)
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where:
DB = dencity below steel [poxonds per cubic feet.(pcf)]
SL = concrete slump (ine.)
CS = 28-day compresBive strength [pounds per square inch (psi)]
FI = input frequency (cpm)
ACCL = acceleration (g's)
TE = concrete temperature at placement ( P)
However, since ACCL ajid TE did not contribute significantly to
explaining the variability (P values less than l.O), they were elimi-
nated from the equation. The new model with F level significant at 0.5/^
was:
DB = 4.980 SL - 0.635 DA + 0.005 CS + 0.00053 FI + 204.1? ...(4)
With this equation, the density below steel cam be predicted
with 99.5^ confidence ^ * le data from this experiment.
A similar analysip for pulse velocity shoived the relationship
between FVAS and PVBS as follows:
PVB3 = 1.463 PVAS + 0.042 PI + 241.67 SL + 0.084 CS -
7960.10 , (5)
where:
FVBS = pulse velocity below steel [feet per isecond (fps)]
PVAS = pulse velocity above steel (fpe)
PI , SL , and CS are as previously described
However, only PVAS contrbuted significantly at 5^ level to explaining
the variability.
9e
The attempt to predict the acceleration from amplitude, slump and
input frequencies gave an equation of the type shown below with an
overall F value of 8.92 which was significant at 0.005^ level.
ACCL = 4772.88 MPL + 1.423 SL - 0.00105 FI - 7.843 .... (6)
where:
AMPL = amplitude (ins)
ACCL I SL f and FI are as previously described.
2
However, the R value was only 53.^ which was considered very low.
The bivariate relationships examined are reported below. The
relationship between amplitude and frequency, upon plotting, appeared
tenuous since many regression models could be run through the points.
AMPL = 3.067 X 10"^ FI + 0.00107; R" = 93.4fo (7)
PVBS = 1.694 PVAS - 10073.94; R^ = 92. 9f" (8)
ACCL = 0.283 PPA + 0.093; R^ = 89.2;o (9)
where all parameters are as previously explained.
Summary of Results
The analyses of the data indicated the following results:
1. A vibration frequency of 12,000 cpm operated for a duration of
7 seconds gave the highest means for both the pulse velocity
and nuclear density.
2. In terms of frequencies, there was no significant difference
between the compaction abilities of the 12,000, 10,800, or
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13t200 opm as a group. However, they all produced significantly
better results than both 9 ,600 and ^ ,200 cpra at ^ and/or }%
levels. The 9,600 opm was only slightly more effective in
compacting concrete than the 7 »200 cpm. '
3. There was no significant difference at 5/« level between the
density above the steel measured in the plastic state and after
curing for 7 days.
4« The density above the steel was, at 5^ level, significantly
higher than below the steel. On the average, the density above
the steel was almost T% higher than below the steel for each of
the 3 mixes tested (6.^ for Mix 1 , 6.7^ for Mix 4 and 6.4^^ for
Mix 6). The smallest and the largest differences occured in Mix 6
at 13f200 and 9,600 cpm respectively, Th«.se v&l-aes were -7.94yo
and 14*13^ respectively. See Table 10.
5. The input frequency was more than ^^o higher than the response
frequency picked up by the accelerometers in the mix (15.04^ in
Mix 1 , 15.13fo in Mix 4, and 17.16^ in Mix 6).
6. The relationship between the input and the response frequencies
was linear for all the 3 mixes investigated, and therefore could
be predicted by an equation.
7. Slump and age of specimen within the rajige at which the testing
occured (7 to 9 days) in this experiment did not significantly
affect the pulse velocity measured, but slump significantly
affected the nuclear density measured at % level.
8. Prom the multiple regression analysis, the variability in
density could be explained more in terms of concrete parameters
such as slump and compressive strength than in terms of vibrator
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9.
parameters Buch as frequency and amplitude. However, various
other factors are necessary to explain this variability to an
appreciably reliable level. Such variables may include the air
content, the viscosity of the paste, and poscibly the speed
of paving.
Frequency and amplitude of vibration do not seem to be as
critical to vibratory compaction of concrete a& was conjectured
by several earlier investigators.
Table 10: Differences Between Nuclear Density Above and Below
Steel in Percent.
Treatment Combination Differences
Mix 1 Mix 4 Mix 6
7200 cpm for 9 seconds 5-79070 6.24559 11.65655
9600 cpm for 7 6.35781 7.02468 6.29441
9600 cpm for 11 " 2.04030 5.00319 14.13046
10800 cpm for 5 6.65590 7.55817 6.34638
10300 cpm for 9 " 5.89166 6.88244 7.24290
10800 cpm for 13 9.82209 7.07406 6.06603
12000 cpm for 7 7.84415 4.28489 5.71808
12000 cpm for 11 " 7.73458 6.35578 7. 79961
13200 cpm for 9 7.57-672 10.23906 - 7.94140
Mean of Differences {%) 6.63488 6.74087 6.36811
yy
DISCUSSION OF RESULTS
The fact that the frequency of 12,000 cptn applied for 7 seconds
topped all the other frequencies in its effect on the compaction of
concrete merely corroborated the findings of Las Forssblad (10) ,
Wadhwa ( 22) , and of many other investigators who proposed the exis-
tence of a frequency that produced "remarkal/ie" effects on the stren-
/^h of concrete and cement pastes. However, the results of this experi-
ment also showed that there was no significant difference between the
compaction effects produced while vibrating in a rajige between 10,800
and 13f200 opra. The fact that the 13»200 cpm frequency did not produce
a markedly higher density than the lower frequencies of 10,800 and
12,000 cpm is of interest. The consequent reduction in the life of the
eccentric bearings when vibrators are operated at 13f200 cpm or
higher frequencies, coupled with the high levels of noise, make it
economically unjustifiable to operate vibrators at such speeds in
highway construction.
It has long been recognized that mechanical aids are required to
compact harsh-dry mixes. Vibration frequency, however, did not seem to
be a particularly oritioal factor in the compaction of concrete as
indicated by the results of this experiment. It was found to have a
very low correlation with the compaction density (29^ with DB, 11.4^
with DA, and ^^% with DP) , which confirms the earlier findings of
Sullivam (12) and Bower, et al. (27).
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The differences between tho input frequency and the response
frec[uency created some concern during data amalysis. Although it was
was expected that the input and the response frequencies would be
equal or nearly equal, a 15^ reduction was actually encountered (l?/^
in Mix 6, see Table 11). Efforts made to explain this discrepancy did
not adequately satisfy the investigator's curiosity. It appears that
the activity at the interface between the vibrator and the concrete
involves a more complicated phenomenon than "coupling" , or a lack
of it, as suggested by the literature review. This phenomenon has been
left to future researchers to investigate. It should be noted, however,
that in all of the mixes tested the relationship between the input
frec[uency and the response frequency was linear (see p. 93).
The literature review identified various other investigators
such as Bennett and Ookhale (l6) , Green (17) and Davies (18) who have
viewed acceleration as the most significant parameter affecting
concrete compaction by vibration. Cussens and Plowman (19, 20)
,
however, indicated that acceleration as measured experimentally in
clamped molds might not be applicable to the larger and more stable
masses which were vibrated in the field. Kirkham and Whiffin (24) ,
using surface vibrators in the field, concluded that acceleration had
no effect on the achieved compaction. The findings of this experimental
study reported herein support the conclusion of the latter investiga^
tors. It is believed that acceleration has only a minimal effect , or
none at all, on the compaction of concrete for highway paving.
Kolek (8) showed that amplitude is related to frequency. The
acceleration of a particle is also a function of the amplitude.
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and force are the most significant parameters affecting concrete comp-
action* The experiment reported herein found that amplitude was
highly correlated with the input frequency (correlation coefficient of
96.75S) >Aich confirms the conclusion reached by Kolek, On this basis,
it is concluded that the effect of amplitude on concrete compaction
,
like that of frequency , is very minor.
The prediction equations identify slump as a large contributing
factor to the measured density below steel, and therefore to the
amount of compaction achieved. It was noted on page 98 that the
largest variation in density occured in Mix 6, the stiffest mix of
those examined. Table 11 shows that this mix also had the largest
ean difference between the input and the response frequencies.
Finally, this mix had the largest reduction in input amplitude as
measured with the LVDT and in the response 'vrjplj.tude as calculated
from double integration of the acceleration value (see Table 12).
Ill of the above statements point to the importance of slump in the
vibratory compaction of reinfoi^sed concrete. Table 13 shows the
measured slumps for the specimens tested and reported in this analysis.
Proffl these results of this experiment , it is concluded that concrete
slumps of less than 1" will generally introduce greater variability
in vibratory compaction of concrete than will higher slxiraps.
Further, at such low slumps, the concrete might not be getting adequ-
ate compaction. These conclusions support the findings of Bower and
Oerhardt (2?).
Investigations of other concrete parameters, such as temperature
and 28-day compressive strength (see page 95 ) showed that tempera-
ture did not contribute significantly, whereas, compressive strength
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7200.000 0.00297 0.00238 0.00276 0.00284
9600.000 0.00364 0.00170 0.00264 0.00185
10800.000 0.00459 0.00376 0.00351 0.00355
12000.000 0.00475 0.00356 0.00338 0.00104
13200.000 0.00509 0.00331 0.00301 0.00120








Mix 1 Mix 4 Mix 6
7200 9 2.00 1.25 0.50
9600 7 1.50 1.25 0.50
9600 11 2.00 2.00 0.25
10800 5 1.50 1.50 1.50
10800 9 2.00 1.75 0.75
10800 13 1.75 2.25 1.25
12000 7 1.75 1.75 1.75
12000 11 1.50 2.50 1.25
13200 9 1.75 1.25 0.75
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did affect compaction significantly. Normally, compressive strengths
obtained from cores taken from the test specimens would have been
utilized in the regression model instead of the 28-day strength
obtained from the test cylinders. However, time and budget did not per-
mit taking of cores from the tested specimens. Insufficient informa-
tion was obtained on air content and therefore its influence on the
regression model could not be ascertained. The amount of information
obtained about slump and strength, and the analyses of frequency,
amplitude and acceleration tended to support the findings of Kolek
(8) , Porssblad (10) , and Bower and Gerhardt (2?) that the physical
concrete parameters influenced compaction more thein the vibrator
parameters.
The results of this experiment suggest the density below the
steel can, with at least 95^ confidence level (R = 45«77^) i be pre-
dicted by measuring the density above the steel in the plastic
condition. The prediction equation is:
DB = 4.14 SL - 0.717 DP + 0.004 CS + 0.00077 FI + 220.35
(10)
where:
DB = density below steel (pcf) ;,SL = slump (ins)
DP = plastic density (pcf)
CS = 28-day compressive strength (psi)
PI «= input frequency (cpm)
This is essentially the same as Equation 4 (page 95) » except that
in Equation 4 the measured density is in the cured state (DA) while
in Equation 10 density is measured in the plastic state (DP)
.
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Since the ANOVA showed that there was no Bignificeuit difference betw-
een these two densities, at the ^ level, one can be substituted for
the other in an anlysis. However, it is felt that these equations do
not adequately explain variations in the densities below steel. It is
hoped that future research will include other parameters wMch will
2
increase the R term in the analysis of variance, thereby facilitar-
ting the identification of other significant terms. Ultimately, it
alight be possible to measure the slump of concrete, the frequency of
vibration and the plastic density; insert a laboratory determined
28-day compressive strength, or a predeten«ined strength from cores
taken from specimens vibrated at stated frequencies} and so compute
the density below steel. This computed result can then be checked
against the specified density range to see whether the concrete is
adequately compacted. If it i£ not, the inspsiotor can advise the
oontraotor to adjust either his paving speed, his frequency of vibra^
tion, or make any other modifications necessary for achieving the
required compaction.
The equations presented here are not the answers to all of the
vibration problems now encountered in the field. They are merely a
guide for future study and research. They may change with diffe-
rent mix designs, with different brands of vibrators, with diffe-
rent eccentric weights in the vibrator and with several other
factors that could not be investigated in this experiment. The work
herein reported is merely a small step in the direction of further-
ing our rational knowledge of concrete vibration.
The most effective compaction effort was found to occur at a
frequency of 12,000 cpo applied for 7 seconds duration. This confirms
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the findings of previous invest igators such as Bergstrora and Venkatra-
miah, who found that most compaction occured within 10 seconds of
vibration. This is of interest to the users of slipform pavers since
it suggests that good compaction can be achieved at moderate speeds,
such as between 10 to 20 fpm. This was also confii-^ed by Bower and
Oerhardt
The measurement of density in the field is still a major
problem. The field superintendent wishes to know, immediately after
concrete placement, whether the applied frequency is producing an
adec[uate compaction in the concrete pavement. The nuclear density
gau^e now widely used in the field can onl;3'' measure densities in the
top 2 to 3 inches of a freshly placed concrete pavement. The density
at appreciably lower depths beyond the range of the nuclear gauge can
only be speculative. As reported in the literature review and shown
in Figure 1, slab deter:", jration will frequently occur below the steel
at a depth where nuclea^. density device is inapplicable and is
incapable of producing reliable density readings.
The pulse velocity device seemed impractical for field usage on
highway pavements because of the low thickness to width ratio.
Pavements are usually constructed between 12 and 48 ft wide but only
8 or 9 inches deep. Even though the equipment can be used with both
transducers facing downwards for velocity measurements, the low
thickness to width ratio limits the sensitivity of the device to low
depths as in the case of the nuclear density device. Furthermore, the
device seemed insensitive to minor variations in density euid could not
be used on plastic concrete. This insensitivity , as mentioned on page
40 , vfas observed before the concrete slump range was changed from
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between 1 and 2 inches to betwoon emd 1 inches. It appears that
there is a need for an equipment which will rapidly measure concrete
density in the field| will have a greater range of penetration
ability than the presently available nuclear device, and will be
adaptable for use on plastic concrete.
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EECOMMENMTIONS
Several of the findings of this researoh have corroborated those
of Sullivan (12) f Las Porsshlad (lO) , Kolek (8) t Bower and Gerhardt
(27) t <^<^ others in terms of the effects of slumpt frequency,
acceleration and amplitude. This corrohoration exists even though
different brands of vibrators, different modes of vibration, and
different types of mix designs were used in the various experiments.
It is suggested that the findings of this laboratory study be
further examined through a field study. It Is also suggested that
future research might investigate such pftr^m-sif >.; as paving speeds,
air content in concrete , energy generated by vibrators in concrete
and its rate of dissipation, and possibly the pressure generated at
the base of the concrete during vibration^ Studies of these and
other parameters should help to explain the variability in the
densities measured in concrete.
Based on the findings of this reseaixh, the following specific
recommendations are offered:
1, The permissible range of slump should b© clearly stated. A
slump range of between 1 and ^ inches, as is now specified by
Buuiy state highway oomraissiona (see ref, 5) » seemg necessary if
proper compaction is to be achieved. This conclusion has been
substantiated for the mix designs investigated in this study.
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2. The permlBslble ranges of input frequency and of Input amplitude
for field vibration of concrete in slipform paving should also
be clearly stated. In the opinion of the author, a ran^ of
frequency between 1 |8CX} and 1 2 ,000 cpm , and an amplitude range
of between 0.0045 and O.OO55 inches will be satisfactory for
slipform paving if the concrete to be compacted has a slump
within the recommended range of 1 to 2j- inches.
3. There is a need for instrumentation which will indicate to the
slipform operator whether vibrators are operating and the
frequency or frequency range at which each vibrator is
operating. There is also a need for instzounentation whereby,
with non-destructive tests, the compaction of concrete can be
meastired reliably at depths more than 2 or 3 inches below the
surface of the slab^
4* Investigation shoul ; be initiated to determine what is happening
at the interface of the concrete and the vibrator. This
knowledge might explain the phenomenon behind the reduction of
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